We present a combined study of Ni K -edge resonant x-ray scattering and density functional calculations to probe and distinguish electronically driven ordering and lattice distortions in nickelate heterostructures. We demonstrate that due to the low crystal symmetry, contributions from structural distortions can contribute significantly to the energy-dependent Bragg peak intensities of a bond-ordered NdNiO3 reference film. For a LaNiO3-LaAlO3 superlattice that exhibits magnetic order, we establish a rigorous upper bound on the bond-order parameter. We thus conclusively confirm predictions of a dominant spin density wave order parameter in metallic nickelates with a quasi-two-dimensional electronic structure.
I. INTRODUCTION
The mechanisms underlying the formation and competition of collective order in correlated-electron systems are preeminent themes of current solid-state science. The relative stability of charge and spin order and their roles in driving unusual phenomena such as multiferroicity and superconductivity have recently been subjects of intense investigation in a diverse set of solids ranging from molecular crystals to metal oxides. Metal-oxide thin films and superlattices have emerged as a particularly fruitful research platform because of the potential for targeted control of the carrier density, dimensionality, and interaction strength of correlated-electron systems.
1,2
To take full advantage of these opportunities, accurate measurements of the lattice structure and electronic order parameters as well as quantitative feedback between theory and experiment are essential.
A prototypical system of long-standing interest is the perovskite RNiO 3 (R = rare-earth ion; RNO) whose approximately cubic unit cell is shown in Fig. 1(a) . In bulk RNO, the single-electron bandwidth is controlled by the Ni-O-Ni bond angle via tilts and rotations of the NiO 6 octahedra, which depend on the size of R. For the largest R = La, the bonds are relatively straight, and RNO remains metallic and paramagnetic at all temperatures T . For smaller R, octahedral tilts and rotations reduce the bandwidth, and an insulating bond-ordered (BO) state with a two-sublattice array of Ni sites with long and short Ni-O bonds develops for T ≤ T BO . Antiferromagnetic spin order forms for T ≤ T N , with T N = T BO for R = Pr and Nd, and T N < T BO for smaller R with more highly distorted Ni-O-Ni bonds.
3,4
Various proposals have been made for the mechanism underlying the bond-ordering transition and its relation to magnetism. One set of models invokes charge order of Ni 
.
5
Alternative models attribute the bond disproportionation to a modulation of the Ni-O bond covalency without charge transfer between Ni sites.
6,7
Finally, theories for the more itinerant RNO compounds indicate that bond order is secondary to magnetic order and predict a pure spin density wave (SDW) phase without charge or bond order for some lattice symmetries.
8
Recent experiments on RNO-based heterostructures with reduced dimensionality have provided some support for the latter prediction, but the bond-order parameter was probed only qualitatively through the formation of an optical gap, 9, 10 changes in the dc resistivity 11, 12 and x-ray absorption spectra 13 at the metal-insulator transition, and characteristic Raman-active phonon modes.
14 Quantitative tests of theoretical predictions have therefore not yet proven possible. This illustrates an important general challenge in the investigation of metal-oxide heterostructures, where the presence or absence of charge orderone of the most common order parameters in bulk metal oxides-is difficult to assess.
In the past two decades resonant x-ray scattering (RXS) has seen increasing use as a probe of charge, spin, and orbital ordering in 3d transition metal oxides.
15-18
At the transition metal L edge, where a 2p core electron is excited into the 3d orbitals, one can study the states directly at the Fermi level. However, photons at this resonance have energies of a few hundred eV, which correspond to wavelengths too long to probe electronic order in many lattice structures. At the K edge, on the other hand, the photon energy is an order of magnitude higher so that a larger portion of the reciprocal space can be reached. However, excitations at the K edge probe the empty 4p states of the transition metal, which are far above the Fermi level. These states are also affected by electronic ordering phenomena, [16] [17] [18] [19] [20] [21] but the coupling to the order parameter is less direct and hence more difficult to describe in a quantitative fashion.
22
The influence of octahedral tilts and rotations further confounds the analysis and interpretation of K-edge RXS spectra.
23,24
In this paper, we present a Ni K-edge RXS study of a LaNiO 3 -LaAlO 3 superlattice (LNO-LAO SL) and a reference NdNiO 3 (NNO) film. The SL has been studied in previous work where a magnetically ordered ground state was revealed.
9,11
The complementary study we present here addresses the bond-order parameter that has been at the center of recent theoretical debate. We analyzed the RXS spectra using ab initio density functional theory (DFT) which accurately describes the weakly correlated 4p levels in the intermediate state of the RXS process in analogy to previous bulk studies. 19, 20, 22, 25 Aided by DFT calculations, both the bond-order parameter and the octahedral tilt and distortion pattern can be accurately extracted from the RXS data.
II. EXPERIMENTAL AND CALCULATION DETAILS
The high-quality LNO-LAO SL and NNO film studied were grown by pulsed laser deposition on (001)-oriented SrTiO 3 (STO) substrates with a lattice constant a = 3.905 Å. The LNO-LAO SL consists of 66 bilayers, each with two consecutive pseudocubic unit cells of LNO and equally thick LAO, corresponding to a total thickness of ∼ 100 nm. The bilayer-averaged in-and out-of-plane lattice constants are a p = 3.85 Å and c p = 3.79 Å, respectively, as measured by hard x-ray diffraction. The p denotes the pseudocubic perovskite unit cell [ Fig. 1(a) ]. The NNO film is 40 nm thick with a p = 3.88 Å and c p = 3.77 Å. The room-temperature structural space groups of the NNO film and LNO-LAO SL were determined to be P bnm and I2/c, respectively, by analyzing a set of half-order reflections as described in Ref. 26 . Previous studies showed that the magnetic order is robust against small structural variations and homogenously stabilized along the growth direction, although both samples show partial relaxation.
9,11
The RXS measurements were performed at beamline P09 at PETRA III (DESY, Hamburg) 27 using a Si (111) monochromator with energy resolution of ∼ 1 eV. A Cu (222) crystal was used for polarization analysis. Our RXS experiments focused on the pseudocubic ( DFT calculations were performed using the all-electron augmented plane waves plus local orbitals method implemented in the wien2k code 28 with the Perdue-BurkeErnzerhof 29 exchange-correlation functional on a 11×8× 11 k mesh for NNO and on a 9 × 3 × 9 k mesh for LNO-LAO. The energy convergence was set to 0.1 mRy. The atomic positions are relaxed until the forces on each atom are smaller than 0.5 mRy/bohr.
III. RESULTS AND DISCUSSION
We first discuss the data on the NNO reference film. 2 ) p reflection in the vicinity of the Ni K-edge. The absorption edge E edge = 8346 eV was defined as the maximum of the first derivative of the xray absorption spectrum. The intensities were collected with σ-σ polarization at temperatures between 10 and 275 K during warming. A gradual decrease of the nonresonant pre-edge intensity is observed with increasing temperature, which can be explained by the Debye-Waller factor and a slight decrease of octahedral distortions.
30
At 10 K, the energy dependence shows two maxima at 8345 and 8352 eV, similar to previously reported results which were interpreted as evidence of two distinct Ni valence states.
31
The amplitude of this two-peak structure decreases with increasing temperature and remains constant above T BO ∼ 200 K, qualitatively consistent with the melting of the bond order. 31 However, contrary to the observations in Ref. 31 where the scattering intensity becomes independent of the photon energy above T BO , the RXS intensity exhibits a nontrivial E dependence up to room temperature.
To understand the remnant Ni resonant contribution above T BO , we examine in detail the scattering inten-
, where the temperature term and Lorenz factor are neglected. The structure factor is given as
is the scattering factor of atom j at position r j , and q denotes the x-ray momentum transfer. The summation runs over all atoms in the unit cell. f 
for the transition metal K edge (1s→4p) in the single particle approximation.T = (x,ŷ,ẑ) is the dipole operator when considering only the dominant dipole-dipole contribution. |s and |p m denote the 1s and 4p states, respectively, and δE m is their energy difference. Γ is the core-hole lifetime of ∼1 eV.
32
Considering the spherical symmetry of |s , one notices that Im F is proportional to the 4p density matrix D = |p p| (with broadening) and
Note that D is usually not diagonal, except for a few high symmetry cases. For RNO, the structure factor of the ( but with an additional rotation, resulting in oppositelysigned off-diagonal elements of F between different Ni sites, which give rise to a non-vanishing ∆f r Ni (E) and hence explain the remnant Ni resonant contribution observed in Fig. 1(c) . The real part of ∆f Fig. 2(a) . Note that in the bond-ordered phase, the slope of the spectra below E edge only decreases slowly with decreasing energy. This suggests that bond order modifies the RXS intensity in a wide range below E edge (more extended than the plotted range). In contrast, the spectral line shape above E edge is almost unaffected by the bond order, suggesting that it mainly originates from the octahedral tilts.
In previous RXS studies of the nickel oxides, the offdiagonal terms in F have been neglected, so that F could be effectively treated as a scalar for each Ni site.
31,33
The resonant form factor f r (E) is then directly obtained by fitting both the energy-dependent RXS and x-ray absorption spectra, which are measures of the difference and sum of the form factors, respectively. In general, however, the contribution of off-diagonal terms in F can be significant and render the aforementioned fitting procedure inapplicable.
22,23
In the NNO film, in particular, the RXS intensity is modified by the off-diagonal terms up to ∼20% at room-temperature, as shown in Fig. 1(c) . The accurate description of the spectra and the quantitative determination of the bond-order parameter thus require detailed knowledge of the full scattering tensor that cannot be obtained solely from experiment. To this end, DFT calculations were performed to obtain atomic positions of the room-temperature structure within space group P bnm with the experimentally determined lattice constants. The low-temperature structure was obtained by DFT+U relaxation in the magnetically ordered state with space group P 2 1 /n, using U = 5 eV and J = 1 eV. This approach has proven to yield structure parameters in good agreement with experimental results for the RNOs in both the metallic and the insulating states.
34,35
The obtained atomic positions are summarized in the Appendix. The imaginary part of the scattering tensor, Im F , was obtained by scaling the DFT Ni 4p density matrix to the tabulated Ni form factor.
36
The real part, Re F , was calculated by Kramers-Kronig transformation. The E-dependent RXS spectra were finally calculated for the specific experimental geometry shown in Fig. 1(b) following the formalism in Ref. 37 . Considering the grazing incidence/emission required to reach the ( ) to account for the absorption effect, with l the beam path length inside the sample at the corresponding reflection. Here µ(E) is the energy-dependent linear absorption coefficient and can be obtained by fitting the experimental absorption spectra to the tabulated values. 2 ) p reflection at 10 and 275 K for the σ-σ polarization channel, and at 300 K for π-π polarization. The calculated spectra are scaled to match the measured nonresonant intensities at the corresponding temperatures. The drop of the nonresonant intensity across the Ni K edge can be attrributed to the absorption effect, as illustrated by comparing the calculated spectra before and after the absorption correction. The calculated features in the energy dependence are in excellent agreement with the experimental data. We stress that the ratio of resonant and nonresonant intensities is also quantitatively reproduced, without adjustable parameters. The microscopic structural transition that leads to the RXS spectra line-shape change across T BO is depicted in Fig. 3(c) . Below T BO , the Ni-O bond disproportionation between neighboring Ni sites that accompanies the bond order shifts the resonance energy and contributes mostly to the intensity modulation around 8345 eV. For the P 2 1 /n structure, the calculated edge shift is 1.3 eV, slightly larger than the 1.2 eV determined for the polycrystalline bulk NNO.
39
Upon warming, the bond disproportionation decreases while the tilt pattern of the octahedra remains the same. This is evidenced by the weakly T -dependent lineshape around 8352 eV.
The temperature dependence of the bond-order parameter, that is, the averaged Ni-O bond disproportionation δ d Ni-O , can be obtained by fitting the T -dependent spectra using crystal structures interpolated between the DFT(+U ) calculated P bnm and P 2 1 /n unit cells. The results obtained in this way are plotted in Fig. 4(a) . The bond disproportionation at the lowest temperature is calculated as 0.077 Å, in close agreement with the value determined for a polycrystalline NNO sample using x-ray powder diffraction.
40
Upon warming, the bond disproportionation decreases in an order-parameter-like manner and vanishes above 200 K.
After demonstrating the quantitative accuracy of our methodology on the NNO reference sample, we now turn to the LNO-LAO SL whose RXS spectra at ( 
IV. CONCLUSION
In summary, we showed that RXS at the Ni K edge in conjunction with ab initio density functional theory is an accurate, quantitative probe of bond order in a NNO thin film and in a LNO-LAO superlattice. Whereas the bond-order parameter determined for NNO is in quantitative agreement with data on bulk NNO, the superlattice with atomically thin LNO layers shows no bond order at any temperature. This finding, together with the previously reported magnetic order below 100 K [ Fig. 4(b) ] conclusively confirms the theoretical prediction of a pure SDW ground state in low-dimensional RNO systems.
8
In addition, our experiments revealed a significant Ni resonant contribution to the RXS spectra independent of bond order in both systems. With the aid of DFT calculations, we were able to attribute this contribution to octahedral distortions and tilts, and to extract highly specific information on the distortion pattern and amplitude from the experimental spectra. We emphasize that this information was obtained from measurements at a single Bragg reflection. The synergistic application of RXS and DFT therefore opens up unique perspectives for the characterization of electronic order and lattice symmetry in thin films and multilayers where only a few Bragg reflections are experimentally accessible due to geometric constraints.
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Appendix: Calculated atomic positions and scattering tensors
The structural parameters obtained by DFT(+U ) for NNO and the LNO-LAO SL are summarized in Tables I  and II , respectively. The space group of LNO-LAO is P 2 1 /c instead of the experimentally determined LNO-LAO averaged I2/c, 26 because of the additional symmetry breaking by substituting two NiO 2 layers with AlO 2 layers in the superlattice unit cell.
The real part of the calculated scattering tensor for two neighboring Ni sites in the P 2 1 /n unit cell of NNO is shown in Fig. 6 as an example. The column/row indices x, y, z denote the local coordinates defined by the lattice vectors. The effect of bond order is reflected by an energy shift in the diagonal elements, and the octahedral distortions by inequivalent off-diagonal elements. For the P 2 1 /n symmetry, both the shift in diagonal elements and the oppositely signed F xz(zx) are the leading contributions to the ( 
